Postprandial variation of bone turnover markers and the closed relationship between bone remodeling and nutrient supply has been extensively studied in the past few years, but the underlying pathophysiologic mechanisms remain largely unknown. recent studies have shown that the acute regulation of bone turnover induced by feeding is probably mediated by gastrointestinal (GI) peptides. The greater response of bone remodeling during oral versus intravenous glucose administration and the inhibition of this response after administration of octreotide, that inhibits the release of GI peptides, further support the existence of a gutbone axis. Glucose-dependent insulinotropic peptide and glucagon-like peptides-1 and -2 are released from K and L cells of the gastrointestinal tract, respectively, and are considered the main mediators of the postprandial response of bone turnover. In this review we outline the most recent evidence that demonstrates the role of incretins in nutrient-dependent regulation of bone metabolism. Further elucidation of the underlying mechanisms can be exploited therapeutically in the future.
by osteoblasts and are released into the circulation during bone formation, 2 or by the measurement of the bone fraction of the enzyme alkaline phosphatase that is being cleaved from the cell membrane and enters the circulation during mineralization. The ability to have a direct and reliable estimation of osteoblast and osteoclast activity by the assessment of bone markers in plasma provides valuable information about bone remodeling in health and disease.
tHe cIrcadIan rHytHM of Bone turnover
Earlier studies had demonstrated that bone markers undergo circadian periodicity with high values during the night [3] [4] [5] [6] [7] and lower levels during daytime, with greater amplitude for bone resorption compared to bone formation markers. Researchers have attempted to explain this phenomenon by focusing their studies on hormones that also exhibit diurnal variation such as cortisol and parathyroid hormone. However, it has been shown that the abolition of the morning peak of cortisol following the administration of metyrapone had no effect on the circadian rhythm of bone resorption, 8 and similar results were observed after abolition of the circadian rhythm of serum PTH by continuous infusion of calcium. 9 Studies also concentrated on the pineal hormone melatonin, whose plasma concentration is 10-50 times higher during the night and could potentially be associated with nocturnal increase in bone resorption. 10, 11 However, research on blind patients, who lack the circadian variation of melatonin, showed no change of the pattern of osteoclastic activity. 12 
poStprandIal varIatIon of Bone turnover
The turning point for the research on the periodic variation of bone turnover was the observation that bone resorption was significantly impaired during fasting. 13 It was proposed that food intake rather than the circadian rhythm was the main cause of changes in markers of bone resorption during a 24-hour period. The postprandial effect on bone resorption appears to be independent of gender, age and menopausal status. 12, 14 In contrast to the markers of bone resorption, markers of bone formation do not show significant changes following a meal, a phenomenon explained by the uncoupling of the two processes postprandially. 15 It has been postulated that the nocturnal increase of bone resorption is a result of reduced supply of nutrients and organic elements that are essential for maintaining calcium homeostasis and cell proliferation processes, such as hematopoiesis and epithelial regeneration. To cope with this, the body mobilizes the reservoir of nutrients and organic components of the skeleton by activating bone resorption. In this manner, the skeleton supplies the body with the elements necessary for survival when there is no supplementation from the environment. On the other hand, postprandial availability of essential nutrients eliminates the need to use the stored elements, resulting in an instant reduction of bone resorption. Indeed, the effect of a meal is of rapid onset and short duration suggesting a non-transcriptional cascade effect.
Despite the significance of the nutrient-dependent regulation of bone turnover in the general energyhomeostasis of the body and the functional integrity of the bone tissue, less is known about the postprandial adaptation of the skeleton in diseases that affect bone metabolism. Two recent studies have investigated this phenomenon in patients with type 2 diabetes mellitus, 16 thyroid diseases and beta-thalassemia major, 17 all conditions that are very often complicated with low bone mass and increased fracture risk. It has been shown that the suppression of postprandial bone resorption is attenuated in patients with overt diabetes but not in those with impaired glucose tolerance (IGT), suggesting an additional contributing factor in the deterioration of bone quality and bone mass seen in diabetes. 16 We have also shown that in patients with hyperthyroidism and beta-thalassemia major, despite the high bone turnover state observed at baseline, the postprandial reduction of bone resorption remains unaltered, while in hypothyroid patients the postprandial suppression of bone resorption is significantly augmented, regardless of the severity of the disease. Several hormones are secreted in response to food entering the gastrointestinal system such as insulin, amylin, glucagon, leptin and GH or GH secretagogues, and thus were thoroughly investigated for their potential effect on postprandial reduction of bone resorption. 18 However, none of them appeared to be significantly involved in the acute postprandial reduction of bone resorption, which occurs already in the first two hours postprandially and is fully reversible afterwards.
Further research led to the hypothesis that postprandial reduction of bone resorption is regulated by signals from the gastrointestinal tract. The greater response of bone remodeling during oral glucose administration versus intravenous glucose administration 15 and the inhibition of this response after administration of octreotide that inhibits the release of gastrointestinal peptides 19 further supported this notion, suggesting the existence of a gut-bone axis.
IncretIn HorMoneS and Bone MetaBolISM

Glucose-dependent insulinotropic polypeptide
Glucose-dependent insulinotropic peptide (GIP) is a 42 amino acid peptide synthesized and secreted by K cells of the duodenum in response to nutrients, especially fat. 20, 21 Since its initial isolation from porcine intestine in 1970 on the basis of its ability to inhibit gastric acid secretion, 22 numerous subsequent studies have demonstrated a broader role of GIP in multiple metabolic processes of the body. [23] [24] [25] [26] [27] Apart from the well-documented role of GIP in the stimulation of insulin secretion from pancreatic beta-cells via glucosedependent mechanisms (incretin effect), 24, 25 a survey by Usdin et al 28 identified GIP receptors (GIPR) in a wide range of tissues, such as the adrenal cortex, pituitary gland, heart, brain, adipose tissue, bone tissue and endothelial cells in several vascular beds. In accordance with the wide GIPR expression, GIP has been reported to regulate lipid metabolism 27 as well as enteric and splanchnic blood flow. 23, 26 The main determinant of GIP metabolism is the enzyme dipeptidyl-peptidase-4. GIP is rapidly metabolized after its secretion by this specific dipeptidyl-peptidase of the gut, having a half-life of 2-4 minutes. 29 This enzyme, which is also responsible for the metabolism of other gastrointestinal peptides such as GLP1 and GLP-2 to inactive-truncated products, is a 766 amino acid peptidase showing a wide tissue distribution. It acts preferentially on substrates containing the amino acids proline or alanine at position 2 of the N-terminal and occurs in two isoforms, a transmembrane and a soluble one that circulates in plasma. It is mainly the transmembrane isoform that is considered to exert its enzymatic activity.
GIP and bone remodeling
Several recent studies have demonstrated an important role of GIP on bone metabolism. [30] [31] [32] [33] [34] [35] [36] In vivo studies with genetically altered mice models with overexpression of GIP or complete absence (knockout) of the GIP receptor have shown significant alterations in the bone phenotype of adult animals.
30,31
In the first study, the generation of transgenic mice overexpressing GIP under the control of the metallothionein promoter (Tg+) resulted in higher mean GIP levels in Tg+ mice compared to normal controls. 30 These researchers demonstrated that Tg+ animals also had a significant increase in markers of bone formation, a decrease in markers of bone resorption and a significant increase in bone mass as assessed by densitometry and histomorphometry. Based on this evidence, it has been proposed that excess signaling through the GIP receptor in bone can uncouple bone formation from bone resorption in favor of the former and lead to significant gains in bone mass.
30
On the other hand, GIPR knockout mice (GIPR-/-) exhibited decreased bone size, and bone mass, deterioration of bone microarchitecture and altered biomechanical properties. 31 The effect of the absence of GIP signaling in bone tissue was site-specific and, most interestingly, over time losses in bone mass were partly restored, showing that compensatory mechanisms were developed to ameliorate the negative impact of the absence of GIP signaling on bone. In addition GIPR-/-mice had earlier age-related changes in bone mass and fat percentage compared to wild-type mice, suggesting a more general role for GIP in the whole body composition of the developing organism. 31 These in vivo data indicated that GIP has a significant anabolic effect on bone mass and bone quality.
At the cellular level, the presence of GIPR has been identified in a variety of cell-residents in the bone microenvironment, such as osteoblasts, osteoclasts, osteocytes, chondrocytes and bone marrow pluripotent mesenchymal cells. [32] [33] [34] [35] [36] Moreover, GIP receptors in bone cells show a similar degree of affinity with their respective receptors in beta cells of pancreatic islets, demonstrating the functional importance of these receptors. 37 In osteoblasts, activation of GIPR after GIP binding increases the expression of type 1 collagen and alkaline phosphatase activity.
32,33 Moreover, the addition of GIP in cultured osteoblast precursors promotes their differentiation, increases their proliferation and also displays anti-apoptotic activity in multipotent mesenchymal cells in bone marrow.
34,35 Although osteoclasts were also found positive for GIPR expression, 36 studies investigating a direct role of GIP on osteoclast function presented controversial results. 34, 36 In the study by Zhong et al, 36 GIP exerted a direct action on osteoclasts through GIPR and inhibited PTH-induced bone resorption, while in the fetal long bone resorption assay GIP by itself had no effect on bone resorption. What has been clearly shown in this study was that in mature osteoclasts (i.e. osteoclasts treated with MCSF and RANKL), GIP inhibits active osteoclast resorptive activity, as assessed by osteoclast pit formation assay, and decreases the expression of osteoclast-differentiation markers, such as the enzymes TRAP and cathepsin K and the M-CSF-receptor (cfms). Tsukiyama et al, 34 on the other hand, performed bone histomorphometric analysis of GIP receptor knockout mice and reported that, in the absence of GIP, the bones of these mice show a marked increase in the number of mature osteoclasts and a decrease in osteoblastic bone formation. Using dentin slices, these researchers demonstrated that GIP does not inhibit osteoclastic pit formation. The results of these two studies, 34,36 although possibly appearing to be in conflict with each other, actually support the pathophysiological role of GIP as has been proposed by in vivo studies. GIP is secreted only after a meal, and the arrival of nutrients in the bone would be the signal to suppress active bone resorption that occurs during fasting. Therefore, it seems plausible that GIP exerts, either directly or indirectly, a differential effect on osteoclast differentiation and function based on the energy load and the current needs of the bone tissue as an integrated unit (Figure 1 ).
Although the expression of the membrane-bound form of DPP-4 was demonstrated in primary human osteoblasts but not in transformed cell lines (MG63 and SaOs-2), 38 the potential contribution of this enzyme in the less pronounced expression of GIPR and GIP effect in primary human osteoblasts 32 has not yet been clarified.
Collectively, these data suggest that GIP may be one of the major hormones linking nutrient ingestion to bone formation.
Studies in mice have shown that antagonism of the GIP receptor with proline-3 gastric inhibitory polypeptide ((Pro(3))GIP), which is resistant to DPP-4, and its longer-acting form (Pro(3))GIP mini-polyethylene glycol ((Pro(3))GIP[mPEG]), can reverse or even prevent many of the metabolic abnormalities associated with diet-induced obesity-diabetes (diabesity). 39, 40 Similar results were obtained from GIP analogues resistant to DPP-4, such as the [D-Ala(2)]GIP in Vancouver Diabetic Fatty (VDF) Zucker rats. 41 GIP signaling presents a promising therapeutic target for the management of type 2 diabetes and obesity and thus further investigation of GIP's linking role between nutrient ingestion and bone metabolism is of critical importance.
glucagon-lIKe peptIde-1 (glp-1)
GLP-1 is produced by the L-cells of the gut after food intake in two biologically active forms: amide-GLP-1 (7-36) and GLP-1 (7-37), and, as with GIP, is rapidly degraded by DPP-4. GLP-1 promotes glucosedependent insulin secretion 42 and increases insulin synthesis, inhibits glucagon secretion and gastric emptying and displays anorectic action in the central nervous system. 43 Moreover, it has been shown that it exerts proliferative and anti-apoptotic actions in the islet pancreatic beta cells and promotes angiogenesis. Finally, there are studies suggesting a possible protective effect in the cardiovascular and central nervous systems.
44
GLP-1 and bone metabolism
The first clue to a potential role of GLP-1 in bone metabolism came from a study by Yamada et al in GLP-1 receptor knockout mice (GLP-1R-/-).
In this model, genetic disruption of GLP-1 receptor signaling led to cortical osteopenia and bone fragility, as assessed by bone densitometry, as well as increased osteoclastic numbers and bone resorption activity, assessed by histomorphometry. 45 However, GLP-1 was not found to exert a direct effect on osteoclasts or osteoblasts. Investigating further the underlying molecular mechanisms for the bone phenotype observed in GLP-1R-/-mice, researchers suggested that thyroid-produced calcitonin could, at least partly, mediate the effect of endogenous GLP-1 receptor signaling in bone. 45 Providing proof of this, GLP-1R-/-mice exhibited higher levels of urinary deoxypyridinoline, a marker of bone resorption, and reduced levels of calcitonin mRNA transcripts in the thyroid, while calcitonin treatment in these mice suppressed increased deoxypyridinoline. Moreover, GLP-1R have been identified in thyroid-C cells 46 and administration of exendin-4 (Ex-4), a DPP-4 resistant and long-acting GLP-1 receptor agonist, increased calcitonin gene expression in the thyroid of wild-type mice, 47 suggesting that lack of GLP-1 receptor signal- Figure 1 . The role of incretins in bone metabolism. Food intake induces secretion of GIP and GLP-1, -2 from K and L cells, respectively. GIP binds to GIPR in osteoblasts to up-regulate production of osteocalcin (OC), alkaline phosphatase (ALP) and collagen type 1 (Coll-1). In osteoclasts it decreases bone resorption. GLP-1 increases production of OC and ALP in osteoblasts via a GLP-1R that may be different from the one identified in pancreatic tissue. In osteoclasts, it seems to exert its action indirectly through upregulation of calcitonin production from thyroid C-cells. The mechanisms underlying GLP-2 effect on bone remain unknown. The role of GIP and GLP-1 in the crosstalk between osteoblasts and osteoclasts through the expression of Macrophage colony-stimulating factor (MCSF), Receptor activator of nuclear factor kappa-B ligand (RANKL) and Ephrins has not been clarified yet. CTR: calcitonin receptor.
ing increases osteoclastic bone resorption through reduced thyroid calcitonin expression.
More recent in vivo studies have shown that GLP-1 can also have an anabolic effect on bone independent of its insulinotropic action. [48] [49] [50] In studies with streptozotocin-induced type 2 diabetic (T2D) and fructose-induced insulin-resistant (IR) rats, administration of GLP-1 for 3 consecutive days reversed hyperglycemia and significantly improved the trabecular bone microarchitecture (increased anisotropy) and mechanical properties and up-regulated the expression of bone formation markers, in an insulin and PTH-independent manner. 48 Similar results were obtained by administration of exendin-4, which was shown to promote bone formation in diabetic and insulin-resistant rats by interacting with the Wnt signaling pathway. 49 The same research group evaluated further the osteogenic properties of GLP-1 and exendin-4 in a hyperlipidic (HL) and hypercaloric rat model which is used for the study of the fat-bone axis. 50 The unique characteristic of this model is that it demonstrates the metabolic consequences of obesity without changes in body weight and therefore it is used to study the deleterious effect of hyperlipidemia on bone metabolism without protective involvement of weight gain and the interference of an increased mechanical loading. In this study, 50 HL rats demonstrated decreased BMD and bone mineral content (BMC) and reduced OPG/RANKL ratio in the tibia, which were restored after administration of GLP-1 or Ex-4, with Ex-4 showing higher efficiency compared to GLP-1.
At the cellular level, the mechanism by which GLP-1 exerts its osteogenic effect remains largely unknown. The G protein-coupled GLP-1 R is expressed on osteoblastic precursor cells, but not on mature osteoblasts, 33 suggesting that GLP-1-regulated osteoblast activity depends on the osteoblastic differentiation stage. In a recent study, GLP-1 acting through the pancreatic GLP-1 receptor was shown to prevent the differentiation of human bone marrow stromal cells into adipocytes. 51 However, researchers did not examine the osteogenic differentiation of these cells after administration of GLP-1. In another study, GLP-1 directly up-regulated osteocalcin expression and decreased expression of Runx-2 in the well characterized later stage osteoblastic cell line (MC3T3-E1 cells), acting directly through a different receptor compared to the one that has been described in pancreatic cells. 52 In this study, GLP-1 was shown to act directly on osteoblasts via a GPI/IPG (glycosyl-phosphatidyl-inositols generating short-lived inositol-phosphoglycans) receptor that activates the kinase pathways mitogen-activated protein kinase (MAPK) and inositol phosphate 3 kinase (PI3K).
This observation is in line with data from GLP-1 R signaling in other tissues, such as liver and muscle 53 where GLP-1 regulation of glucose homeostasis was not mediated through stimulation of intracellular cAMP, as is in beta pancreatic cells, but through a rapid hydrolysis of glycosylphosphatidylinositols (GIPs), generating inositolphosphoglycans (IPGs) and PI3K and MAPK activities.
However, the aforementioned receptor type in osteoblasts did not bind Ex-4 but only GLP-1. Bone mineral density and the bone formation marker serum alkaline phosphatase were not significantly affected after 44 weeks treatment with exenatide, in comparison to the long-acting insulin glargine, in type 2 diabetic subjects. 54 On the other hand, long-term exposure of type 2 diabetic patients to exenatide did not increase fracture risk despite the significant weight loss, 55 suggesting that a positive effect of exenatide in bone metabolism could compensate for the decrease in bone mass that would otherwise be expected. 56 More studies are warranted in order to clarify the potential role of GLP-1 analogues in the disturbed bone metabolism that is commonly seen in patients with type 2 diabetes.
tHe glucagon-lIKe peptIde-2 (glp-2)
The peptide GLP-2, as GLP-1, is produced by the L-cells of the gut and derives from post-translational modification of the common precursor molecule, the pro-glucagon. The most well studied action of GLP-2 is the decrease in the apoptotic rate of the intestinal epithelial cells. Moreover, it regulates intestinal transport of glucose, food intake, gastric secretion and gastric emptying and improves the function of the intestinal barrier. 57 Recent studies have shown that GLP-2 also has a positive effect on bone metabolism.
GLP-2 and bone metabolism
Administration of GLP-2 in a single dose significantly reduced levels of β-CTX in postmenopausal women. 58 Similarly deoxy-pyridinoline (DPD) levels, which also reflect the degree of bone resorption, decreased significantly after the administration of 800 mg GLP-2. 18 The inhibitory action of GLP-2 in bone resorption was confirmed in another study where the GLP-2 was administered to postmenopausal women for 14 days at a dosage of 1.6 or 3.2 mg as a subcutaneous injection. 59 In this study the levels of markers of bone resorption, serum β-CTX and urine DPD decreased significantly after a period of 14 days, while no significant change in markers of bone formation, osteocalcin and P1NP was observed. 59 Finally, in a longer-term clinical study, GLP-2 was administered at different doses (0.4, 1.6 and 3.2 mgr) once daily, in the evening for 4 months in postmenopausal women. 60 In this study, administration of GLP-2 decreased the nocturnal increase in markers of bone resorption without causing significant changes in markers of bone formation, and induced significant dose-related gains in bone mineral density of the hip at the end of the study. Prolonged exposure to GLP-2, even with lower concentrations, appeared more effective than high concentrations obtained by iv administration, with respect to β-CTX suppression, suggesting that GLP-2 agonists for osteoporosis treatment should be long-acting for best efficacy. 61 Despite the large amount of data on humans, the molecular mechanism underlying GLP-2 regulation of bone remodeling is far from being elucidated. At the cellular level, GLP-2 receptors have been identified in osteoclasts and early osteoblasts but data are still inconclusive 33,58 ( Figure 1 ). GLP-2 analogues are currently under intensive research for their potential use in the therapeutic management of patients with short bowel syndrome and inflammatory bowel diseases. Teduglutide, a DPP-4 resistant and longacting analogue of GLP-2, has been shown to improve intestinal rehabilitation by promoting mucosal growth and possibly by restoring gastric emptying and secretion, thereby reducing intestinal losses and promoting intestinal absorption in phase II clinical trials in patients with short bowel syndrome and intestinal failure. 62 With the prospect of introducing into clinical practice GLP-2 analogues resistant to DPP-4, further investigation of GLP-2 mechanisms of action in bone is warranted.
concludIng reMarKS
In the last few years, a growing number of studies have reported positive effects of the gastrointestinal peptides, GLP-1, GIP, and GLP-2 in bone and a new concept for a nutrient-dependent regulation of bone remodeling has been developed. The mechanisms through which feeding regulates bone turnover are much more complex than was originally thought. Current and future use of DPP-4 resistant analogues of the GI peptides as therapeutic targets for different kinds of diseases such as diabetes, bowel disease and obesity may facilitate a greater understanding of the molecular mechanisms that regulate the crosstalk between the gut and bone tissue, an urgent need and an objective that is currently under intensive research.
Drugs that are already widely used for the treatment of diabetes, i.e. DPP-4 inhibitors (DPP-4i), would be expected, since they increase bioavailability of GIP, GLP-1 and GLP-2, to exert a protective effect in bone. This possibility has been evaluated in small-sized clinical trials. In line with the molecular mechanism of action of DPP-4i, in a recent metaanalysis that included 28 clinical trials of a duration of at least 24 weeks, DPP-4i, compared with placebo or other treatments, were associated with reduced risk of fractures, data that remained robust even after the exclusion of comparisons with thiazolidinediones or sulfonylureas. 63 Data of GLP-1 analogues on fracture risk in patients with diabetes type 2 are scarce and inconclusive and long-term studies with measurement of bone markers, bone density and clinical fractures rates are required. Despite intensive research on the various body systems, in many cases there is uncertainty regarding the pathways by which the incretins mediate their pleiotropic effects. A rudimentary understanding of the underlying cellular mechanisms involved is urgently needed to shed light on this complex and fascinating concept of the gut-bone axis. 
